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TAU 98 Conference Summary
Alan J. Weinsteina
aCalifornia Institute of Technology Pasadena, CA 91125
I very briefly review the highlights of the fifth workshop on the physics of the tau lepton and its neutrino.
There has been much progress in many sub-fields, which I touch upon in this review: the couplings of the tau to
the Z0 and W±; the leptonic branching fractions, lifetime, and tests of universality; the Lorentz structure of tau
decays; searches for neutrinoless decays; limits on weak and electromagnetic dipole moments and CP violation;
inclusive semi-hadronic decays, spectral functions, sum rules, QCD, and applications; substructure in tau decays
to three pseudoscalars; tau decays to kaons; limits on the mass of the tau neutrino; tau neutrinos from solar,
atmospheric, and AGN sources; accelerator searches for neutrino oscillations; and prospects for the future.
1. INTRODUCTION
This bi-annual series of workshops is an out-
standing opportunity to focus on the enormous
breadth and depth of fundamental physics acces-
sible from the study of the production and decay
of the tau lepton and the tau neutrino. At each
meeting, we have seen tremendous progress in
the precision with which Standard Model physics
is measured, and increasing sensitivity to new
physics; and this meeting, fifth in the series, is
no exception. Tau physics continues to be won-
derfully rich and deep!
The study of the tau contributes to the field
of particle physics in many ways. I think of the
“sub-fields” as follows:
• Precision electroweak physics: neutral cur-
rent (Z0) and charged current (W±) cou-
plings, Michel parameters, leptonic branch-
ing fractions and tests of universality.
These measurements typically have world-
average errors better than 1%. They give
indirect information on new physics at high
mass scales (Z ′, WR, H
±, etc.). The higher
the precision, the better chance of seeing
the effects of new physics, so continued im-
provement is necessary.
• Very rare (“upper limit”) physics: Direct
searches for new physics, such as processes
forbidden in the Standard Model: lepton-
flavor-violating neutrinoless decays, lepton-
number-violating decays such as τ− →
µ+X , and CP-violating effects that can re-
sult from anomalous weak and electromag-
netic dipole moments.
• Non-perturbative hadronic physics: Our in-
ability to reliably predict the properties and
dynamics of light mesons and baryons at in-
termediate energies is the greatest failing of
particle physics. Tau decays provide a clean
beam of intermediate energy light mesons,
including vectors, axial-vectors, scalars and
tensors. One can measure mesonic cou-
plings, and tune models of resonances and
Lorentz structure. Topics of current inter-
est are the presence and properties of radial
excitations such as the a′1, and K
∗′, mix-
ing, SU(3)f violation, and isospin decom-
position of multihadronic final states.
• Inclusive QCD physics: the total and dif-
ferential inclusive rate for tau decays to
hadrons (spectral functions), can be used to
measure αS(s), non-perturbative quark and
gluon condensates, and quark masses; and
can be used to test QCD sum rules. Here,
in particular, there is a rich interaction be-
tween theory and experiment.
• Neutrino mass and mixing physics: Aside
from its fundamental significance, the pres-
ence of tau neutrino mass and mixing has
important implications for cosmology and
2astrophysics − it is our window on the uni-
verse.
The study of taus is thus an important tool
in many fields, and continual progress is being
made in all of them, as evidenced in the many
contributions to this workshop which I review in
the following sections.
Some of the more exciting future goals in tau
physics were discussed in the first talk of the
workshop, by Martin Perl [1]. This was followed
by a very comprehensive overview of the theory
of tau physics, including future prospects for test-
ing the theory, by J. Kuhn [2]. These talks are
reviews in and of themselves; I will focus, in this
review, on the subsequent presentations.
2. Z0 COUPLINGS
SLD and the four LEP experiments study the
reaction e+e− → Z0 → τ+τ− to extract a wealth
of information on rates and asymmetries, and ul-
timately, on the neutral current vector and ax-
ial couplings vf and af for each fermion species
f , and from these, values for the effective weak
mixing angle sin2 θfW . Lepton universality is the
statement that these couplings (and the charged
current couplings to be discussed later) are the
same for the electron, muon and tau leptons.
The simplest such observable is the partial
width of the Z0 into fermion pairs, which to low-
est order is:
Γf ≡ Γ(Z0 → f f¯) = GFM
3
Z
6
√
2π
(
v2f + a
2
f
)
.
Equivalently, the ratio of the total hadronic to
leptonic width Rℓ ≡ Γhad/Γℓ, with ℓ = e, µ, τ ,
can be measured with high precion.
The angular distribution of the outgoing
fermions exhibit a parity-violating forward-
backward asymmetry AFBf =
3
4
AeAf which per-
mits the measurement of the asymmetry param-
eters
Af ≡ 2vfaf
v2f + a
2
f
.
From these one can extract the neutral current
couplings vf and af .
The Standard Model predicts that the outgo-
ing fermions from Z0 decay are polarized, with a
polarization that depends on the scattering angle
cos θf with respect to the incoming electron or
positron:
Pf (cos θf ) = −Af (1 + cos
2 θf ) + 2Ae cos θf
(1 + cos2 θf ) + 2AfAe cos θf .
If the incoming electron beam is also polarized,
as at the SLC, it further modifies the polariza-
tion of the outgoing fermions. In the case of the
tau (f = τ), this polarization can be measured at
the statistical level by analyzing the decay prod-
ucts of the tau, providing an independent way to
determine Aτ and thus vτ and aτ . LEP and SLD
have used almost all of the major tau decay modes
(e, µ, π, ρ, a1) to analyze the tau spin polariza-
tion as a function of cos θτ . SLD has measured
the dependence of these polarizations on beam
(e−) polarization.
SLD and all four LEP experiments measure all
these quantities. At TAU 98, the results for the
ratios of partial widths Rℓ and forward-backward
asymmetries AℓFB for ℓ = e, µ, τ are reviewed
in [3] and shown in Fig. 1. The tau polariza-
tion measurements at LEP are presented in [4].
The beam polarization dependent asymmetries at
SLD are described in [5], and shown in Fig. 2. The
procedure for combining the LEP results on Pτ is
reviewed in [6], in which it is concluded that the
results from the four LEP experiments are con-
sistent but not too consistent. These are nearly
the final results from LEP on this subject.
Note that LEP and SLD have completely con-
sistent results on the leptonic neutral current cou-
plings; the addition of measurements of the heavy
quark couplings to their Standard Model aver-
ages for the Weinberg angle sin2 θW pull the LEP
average away from that of SLD’s (and that dis-
crepancy is shrinking as LEP and SLD results are
updated).
The partial widths for the three charged lep-
tons agree with one another (and therefore with
lepton universality in the neutral current) to 3
ppm. These results, along with those from the
e+e− and µ+µ− final states, fit well to the Stan-
dard Model predictions with a rather light Higgs
mass: mH < 262 GeV/c
2 at 95% C.L. The results
for the vector and axial couplings of the three lep-
tons is shown in Fig. 3. Note that the tau pair
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Figure 1. LEP-I averages for AFB versus Rℓ for
the three lepton species and for the combined re-
sult. The Standard Model prediction is given by
the lines [3].
contour is smaller than that for mu pairs, because
of the added information from tau polarization.
3. W→ τν
This TAU workshop is the first to see results
from LEP-II, including new results on the pro-
duction of taus from real W decays. All four
LEP experiments identify the leptonic decays of
W bosons from e+e− → W+W− at center-of-
mass energies from 160 to 189 GeV. The results
are consistent between experiments (see Fig. 4)
and the averaged branching fractions they obtain
are summarized in [7]:
B(W → eν) = 10.92± 0.49%
B(W → µν) = 10.29± 0.47%
B(W → τν) = 9.95± 0.60%
B(W → ℓν) = 10.40± 0.26%
where the last result assumes universality of the
charged current couplings. These results, and re-
sults on the measured cross-sections for W+W−
as a function of center-of-mass energy, are in
good agreement with Standard Model predic-
Figure 2. Polar angle distributions for leptonic
final states, from SLD with polarized beams [5].
tions. Lepton universality from real W decays
is tested at the 4% level at LEP: gµ/ge = 0.971±
0.031, gτ/ge = 0.954± 0.040.
The CDF and D0 experiments at the Tevatron
can also identify W → τν decays, and separate
them from a very large background of QCD jets.
The methods and results are summarized in [8].
The average of results from UA1, UA2, CDF and
D0, shown in Fig. 5, confirm lepton universality in
real W decays at the 2.5% level: gτ/ge = 1.003±
0.025. The LEP and Tevatron results are to be
compared with the ratios of couplings to virtual
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Figure 3. Results on the vector and axial cou-
plings of the leptons to the Z0, from LEP-I [3].
W bosons in τ decays, summarized in the next
section.
CDF has also looked for taus produced from
decays of top quarks, charged Higgs bosons, lep-
toquarks, and techni-rhos. Limits on these pro-
cesses are reviewed in [9]. For the charged Higgs
searches, they are shown in Fig. 6.
4. TAU LIFETIME AND LEPTONIC
BRANCHING FRACTIONS
The primary properties of the tau lepton are
its mass, spin, and lifetime. That its spin is 1/2
is well established, and its mass is well measured
[10]: mτ = 1777.05
+0.29
−0.26 GeV/c
2.
The world average tau lifetime has changed
considerably in the last 10 years, but recent re-
sults have been in good agreement, converging to
a value that is stable and of high precision.
At TAU 98, new measurements were presented
from L3 [11] and DELPHI. The new world aver-
age tau lifetime represents the work of 6 exper-
iments (shown in Fig. 7), each utilizing multiple
techniques, and each with <∼ 1% precision. The
result is presented in [12]: ττ = (290.5± 1.0) fs.
We now turn to the decays of the tau. The
leptonic decays of the tau comprise 35% of the
total, and can be both measured and predicted
W Leptonic Branching Ratios
ALEPH W→en 11.20 ±  0.85
DELPHI W→en  9.90 ±  1.21
L3 W→en 10.50 ±  0.92
OPAL W→en 11.70 ±  0.97
LEP W→en 10.92 ±  0.49
ALEPH W→mn  9.90 ±  0.84
DELPHI W→mn 11.40 ±  1.21
L3 W→mn 10.20 ±  0.92
OPAL W→mn 10.10 ±  0.86
LEP W→mn 10.29 ±  0.47
ALEPH W→tn  9.70 ±  1.06
DELPHI W→tn 11.20 ±  1.84
L3 W→tn  9.00 ±  1.24
OPAL W→tn 10.30 ±  1.05
LEP W→tn  9.95 ±  0.60
LEP W→l n 10.40 ±  0.26
Br(W→ln ) [%]8 10 12
Figure 4. Branching fractions for W → ℓν from
the 4 LEP experiments [7].
with high accuracy. In the Standard Model,
Γ(τ → ℓντνℓ) = G
2
ℓτm
5
τ
192π3
f
(
mℓ
mτ
)
(1 + δ).
Here, f is a known function of the masses, f = 1
for eνν and 0.9726 for µνν; δ is a small correction
of−0.4% due to electromagnetic and weak effects,
and Gℓτ defines the couplings:
Gℓτ =
gℓgτ
4
√
2m2W
= GF ?
By comparing the measured leptonic branching
fractions to each other and to the decay rate of
the muon to eνν, we can compare the couplings
of the leptons to the weak charged current, ge,
gµ, and gτ .
At TAU 98, new measurements on leptonic
branching fractions were presented by DELPHI
[13], L3 and OPAL [14]. The results are summa-
rized in [13]:
B(τ → eνν) = Be = 17.81± 0.06%
B(τ → µνν) = Bµ = 17.36± 0.06%.
5Figure 5. Measurements of gWτ /g
W
e at hadron
colliders [8].
These new world average branching fractions have
an accuracy of 3 ppm, and are thus beginning to
probe the corrections contained in δ, above.
The resulting ratios of couplings are consistent
with unity (lepton universality in the charged cur-
rent couplings) to 2.5 ppm:
gµ/ge = 1.0014± 0.0024
gτ/gµ = 1.0002± 0.0025
gτ/ge = 1.0013± 0.0025.
Some of the consequences of these precision
measurements are reviewed in [15]. The Michel
parameter η (see next section) is constrained to
be near zero to within 2.2%. One can extract a
limit on the tau neutrino mass (which, if non-zero,
would cause the function f defined above to de-
part from its Standard Model value) of 38 MeV,
at 95% C.L. One can also extract limits on mix-
ing of the tau neutrino to a 4th generation (very
massive) neutrino, and on anomalous couplings
of the tau.
One can even measure fundamental properties
of the strong interaction through precision mea-
surement of these purely leptonic decays. The
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Figure 6. Excluded values for the charged Higgs
boson mass, as a function of tanβ, are shaded [9].
total branching fraction of the tau to hadrons is
assumed to be 1−Be−Bµ. This inclusive rate for
semi-hadronic decays can be formulated within
QCD:
Rτ ≡ BhBe =
1− Be − Bµ
Be = 3.642± 0.019
= 3(V 2ud + V
2
us)SEW (1 + δpert + δNP ),
where Vud and Vus are Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements, and SEW is a
small and calculable electroweak correction. The
strong interaction between the final state quarks
are described by δpert, the prediction from per-
turbative QCD due to radiation of hard glu-
ons, expressible as a perturbation expansion in
the strong coupling constant αS(m
2
τ ), and δNP ,
which describes non-perturbative effects in terms
of incalculable expectation values of quark and
gluon operators (condensates). The value of δNP
is estimated to be small, and values for these ex-
pectation values can be extracted from experi-
mental measurements of the spectral functions in
semi-hadronic decays (see section 9).
The extraction of αS(m
2
τ ) from Rτ depends on
an accurate estimate of δNP and on a convergent
series for δpert(αS). Recent improvements in the
techniques for calculating this series (“Contour-
improved Perturbation Theory”, CIPT) and ex-
trapolating to the Z0 mass scale, are reviewed in
[16]. The resulting values of αS evaluated at the
tau mass scale, and then run up to the Z0 mass
6280 290 300 310
Tau Lifetime (fs)
ALEPH (1989-94)
DELPHI (1991-95)
L3 (1991-95)
OPAL (1990-94)
CLEO II
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Figure 7. Recent measurements of the τ lifetime
[12].
scale, are:
αS(m
2
τ ) = 0.334± 0.010
αS(m
2
Z) = 0.120± 0.001.
We will return to this subject in section 9.
5. LORENTZ STRUCTURE
The dynamics of the leptonic decays τ− →
ℓ−νℓντ are fully determined in the Standard
Model, where the decay is mediated by the V −A
charged current left-handed W−L boson. In many
extensions to the Standard Model, additional in-
teractions can modify the Lorentz structure of
the couplings, and thus the dynamics. In par-
ticular, there can be weak couplings to scalar
currents (such as those mediated by the charged
Higgs of the Minimal Supersymmetric extensions
to the Standard Model, MSSM), or small devia-
tions from maximal parity violation such as those
mediated by a right-handedWR of left-right sym-
metric extensions.
The effective lagrangian for the 4-fermion inter-
action between τ − ντ − ℓ− νℓ can be generalized
to include such interactions. Michel and others in
the 1950’s assumed the most general, Lorentz in-
variant, local, derivative free, lepton number con-
serving, 4 fermion point interaction.
Integrating over the two unobserved neutrinos,
they described the differential distribution for the
daughter charged lepton (ℓ−) momentum relative
to the parent lepton (µ or τ) spin direction, in
terms of the so-called Michel parameters:
1
Γ
dΓ
dxd cos θ
=
x2
2
×[(
12(1− x) + 4ρ
3
(8x− 6) + 24ηmℓ
mτ
(1− x)
x
)
±Pτ ξcos θ
(
4(1− x) + 4
3
δ(8x− 6)
)]
∝ x2 [I(x|ρ, η)± PτA(x, θ|ξ, δ)] ,
where ρ and η are the spectral shape Michel pa-
rameters and ξ and δ are the spin-dependent
Michel parameters [18]; x = Eℓ/Emax is the
daughter charged lepton energy scaled to the
maximum energy Emax = (m
2
τ +m
2
ℓ)/2mτ in the
τ rest frame; θ is the angle between the tau spin
direction and the daughter charged lepton mo-
mentum in the τ rest frame; and Pτ is the po-
larization of the τ . In the Standard Model (SM),
the Michel Parameters have the values ρ = 3/4,
η = 0, ξ = 1 and δ = 3/4.
There are non-trivial extensions to this ap-
proach. In SUSY models, taus can decay into
scalar neutralinos instead of fermionic neutri-
nos. These presumably are massive, affecting the
phase space for the decay as well as the Lorentz
structure of the dynamics.
In addition, there exists a non-trivial extension
to the Michel formalism that admits anomalous
interactions with a tensor leptonic current that
includes derivatives; see [17] for details. Such in-
teractions will produce distortions of the daugh-
ter charged lepton spectrum which cannot be de-
scribed with the Michel parameters. DELPHI has
used both leptonic and semihadronic decays to
measure the tensor coupling κWτ , with the result
κWτ = −0.029 ± 0.036 ± 0.018 (consistent with
zero).
There are new or updated results on Michel pa-
rameter measurements for TAU 98 from ALEPH,
OPAL, DELPHI, and CLEO [18]. The world av-
erages, summarized in [19], also include results
from ARGUS, L3, and SLD. All results are con-
sistent with the Standard Model, revealing no evi-
7dence for departures from the V −A theory. These
measurements have now reached rather high pre-
cision, but they are still not competitive with
the precision on Michel parameters obtained from
muon decay, µ→ eνν.
Results from the two decays τ → eνν and
τ → µνν can be combined under the assump-
tion of e − µ universality. Such an assumption
is clearly not called for when one is searching for
new physics that explicitly violates lepton univer-
sality, such as charged Higgs interactions, which
couple to the fermions according to their mass.
However, such couplings mainly affect the Michel
parameter η, and it is clear from the Michel for-
mula above that η is very difficult to measure
in τ → eνν, since it involves a chirality flip of
the daughter lepton, which is suppressed for the
light electron. Thus, lepton universality is usu-
ally invoked to constrain the ρ, ξ, and ξδ param-
eters to be the same for the two decays. Since
the measurements of ρ and η in τ → µνν de-
cays are strongly correlated, the constraint that
ρe = ρµ ≡ ρeµ significantly improves the errors
on ηµ. Invoking universality in this sense, the
world averages for the four Michel parameters
[19], shown in Fig. 8, are:
ρeµ = 0.7490± 0.0082 (SM = 3/4)
ηeµ = 0.052± 0.036 (SM = 0)
ξeµ = 0.988± 0.029 (SM = 1)
(ξδ)eµ = 0.734± 0.020 (SM = 3/4).
A measurement of the spin-dependent Michel
parameters allows one to distinguish the Standard
Model V − A interaction (left-handed ντ ) from
V +A (right-handed ντ ). The probability that a
right-handed (massless) tau neutrino participates
in the decay can be expressed as
P τR = 1/2 [1 + 1/9 (3ξ − 16ξδ)] ,
and P τR = 0 for the SM V − A interaction.
The Michel parameters measured in all experi-
ments provide strong constraints on right-handed
(τ −W −ν)R couplings, as shown in Fig. 9. How-
ever, they are unable to distinguish left-handed
(τ − W − ν)L couplings, for example, between
scalar, vector, and tensor currents, without some
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Figure 8. New world averages for the Michel pa-
rameters in leptonic τ decays, assuming e−µ uni-
versality in the couplings [19].
additional information, such as a measurement of
the cross-section σ(ντe
− → τ−νe).
In the minimal supersymmetric extension to
the Standard Model (MSSM), a charged Higgs
boson will contribute to the decay of the tau (es-
pecially for large mixing angle tanβ), interfering
with the left-handedW− diagram, and producing
a non-zero value for η. Since the world average
value of η (from spectral shapes and the indirect
limit from B(τ → µνν)) is consistent with zero,
one can limit the mass of a charged Higgs boson to
be [19]: M(H±) > 2.1 tanβ (in GeV/c2) at 95%
C.L., which is competitive with direct searches
only for tanβ > 200.
In left-right symmetric models, there are two
sets of weak charged bosons W±1 and W
±
2 , which
mix to form the observed “light” left-handed
W±L and a heavier (hypothetical) right-handed
W±R . The parameters in these models are α =
M(W1)/M(W2) (= 0 in the SM), and ζ = mix-
ing angle, = 0 in the SM. The heavy right-handed
8S
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Figure 9. Limits on the coupling constants gκǫρ in
τ decays, assuming e − µ universality. Here, κ =
S, V, T for scalar, vector, and tensor couplings,
and ǫ and ρ are the helicities (L or R) of the ντ
and νℓ, respectively. The black circles are the
corresponding limits from µ decays [19].
W±R will contribute to the decay of the tau, in-
terfering with the left-handed W− diagram, and
producing deviations from the Standard Model
values for the Michel parameters ρ and ξ. The
limit on M(WR) is obtained from a likelihood
analysis [19] which reveals a very weak minimum
(less than 1σ) at around 250 GeV, so that the
95% C.L. limit on the mass of 214 GeV (for a
wide range of mixing angles ζ) is actually slightly
worse than it was at TAU 96. The limit from
muon decay Michel parameters is 549 GeV.
It is worth continuing to improve the precision
on the tau Michel parameters, to push the limits
on charged Higgs and right-handedW ’s, and per-
haps open a window on new physics at very high
mass scales.
6. SEARCHES FOR NEW PHYSICS
One can look directly for physics beyond the
Standard Model in tau decays by searching for
decays which violate lepton flavor (LF) conserva-
tion or lepton number (LN) conservation. These
two conservation laws are put into the Standard
Model by hand, and are not known to be the re-
sult of some symmetry. The purported existence
of neutrino mixing implies that LF is violated at
some level, in the same sense as in the quark sec-
tor. Four family theories, SUSY, superstrings,
and many other classes of models also predict LF
violation (LFV). If LF is violated, decays such
as τ → µγ become possible; and in general, de-
cays containing no neutrino daughters are pos-
sible (neutrinoless decays). In theories such as
GUTs, leptoquarks, etc., a lepton can couple di-
rectly to a quark, producing final states where LN
is violated (LNV) but B−L (baryon number mi-
nus lepton number) is conserved. In most cases,
LFV and LNV are accompanied by violation of
lepton universality.
Examples of lepton flavor violating decays
which have been searched for at CLEO, ARGUS,
SLC, and LEP include:
τ− → ℓ−γ, ℓ−ℓ+ℓ−
Z0 → τ−e+, τ−µ+
τ− → ℓ−M0, ℓ−P+1 P−2
where the P ’s are pseudoscalar mesons. De-
cays which violate lepton number but conserve
B−L include τ− → p¯X0, where X0 is some neu-
tral, bosonic hadronic system. Decays which vi-
olate lepton number and B − L include: τ− →
ℓ+P−1 P
−
2 .
A broad class of R-parity violating SUSY mod-
els which predict LFV or LNV through the ex-
change of lepton superpartners were reviewed at
this conference, in [20]. A different class of mod-
els containing heavy singlet neutrinos, which pro-
duce LFV, is discussed in [21]. In many cases,
branching fractions for neutrinoless tau decay can
be as high as 10−7 while maintaining consistency
with existing data from muon and tau decays.
CLEO has searched for 40 different neutrino-
less decay modes [22], and has set upper limits on
the branching fractions of <∼ few ×10−6. A hand-
ful of modes that have not yet been studied by
9CLEO, including those containing anti-protons,
have been searched for by the Mark II and AR-
GUS experiments, with branching fraction upper
limits in the 10−4 − 10−3 range.
Thus, the present limits are approaching levels
where some model parameter space can be ex-
cluded. B-Factories will push below 10−7; it may
be that the most important results coming from
this new generation of “rare τ decay experiments”
will be the observation of lepton flavor or lepton
number violation.
7. CP VIOLATION IN TAU DECAYS
The minimal Standard Model contains no
mechanism for CP violation in the lepton sec-
tor. Three-family neutrino mixing can produce
(presumably extremely small) violations of CP in
analogy with the CKM quark sector.
CP violation in tau production can occur if the
tau has a non-zero electric dipole moment or weak
electric dipole moment, implying that the tau is
not a fundamental (point-like) object. Although
other studies of taus (such as production cross
section, Michel parameters, etc.) are sensitive
to tau substructure, “null” experiments such as
the search for CP violating effects of such sub-
structure can be exquisitely sensitive. I discuss
searches for dipole moments in the next section.
CP violation in tau decays can occur, for ex-
ample, if a charged Higgs with complex couplings
(which change sign under CP) interferes with the
dominant W -emission process:
|A(τ− →W−ντ ) + geiθA(τ− → H−ντ )|2.
If the dominant process produces a phase shift
(for example, due to the W → ρ, a1, or K∗ res-
onance), the interference will be of opposite sign
for the τ+ and τ−, producing a measurable CP
violation. The effect is proportional to isospin-
violation for decays such as τ → ππντ 3πντ ; and
SU(3)f violation for decays such as τ → Kπντ ,
Kππντ . The various signals for CP violation in
tau decays are reviewed in [23].
CLEO has performed the first direct search for
CP violation in tau decays [24], using the decay
mode τ → Kπντ . The decay is mediated by the
usual p-wave vector exchange, with a strong in-
teraction phase shift provided by the K∗ reso-
nance. CP violation occurs if there is interference
with an s-wave scalar exchange, with a complex
weak phase θCP and a different strong interac-
tion phase. The interference term is CP odd, so
CLEO searches for an asymmetry in a CP-odd
angular observable between τ+ and τ−. They see
no evidence for CP violation, and set a limit on
the imaginary part of the complex coupling of the
tau to the charged Higgs (g, in units of GF /2
√
2):
g sin θCP < 1.7.
Tests of CP violation in tau decays can also be
made using 2πντ and 3πντ , and we can look for-
ward to results from such analyses in the future.
8. DIPOLE MOMENTS
In the Standard Model, the tau couples to the
photon and to the Z0 via a minimal prescription,
with a single coupling constant and a purely vec-
tor coupling to the photon or purely vfV + afA
coupling to the Z0. More generally, the tau can
couple to the neutral currents with q2 dependent
vector or tensor couplings. The most general
Lorentz-invariant form of the coupling of the tau
to a photon of 4-momentum qµ is obtained by
replacing the usual γµ with
Γµ = F1(q
2)γµ +
F2(q
2)σµνqν − F3(q2)σµνγ5qν .
At q2 = 0, we interpret F1(0) = qτ as the electric
charge of the tau, F2(0) = aτ = (gτ − 2)/2 as the
anomalous magnetic moment, and F3(0) = dτ/qτ ,
where dτ is the electric dipole moment of the tau.
In the Standard Model, aτ is non-zero due to
radiative corrections, and has the value aτ ≈
α/2π ≈ 0.001177. The electric dipole moment
dτ is zero for pointlike fermions; a non-zero value
would violate P , T , and CP .
Analogous definitions can be made for the weak
coupling form factors Fw1 , F
w
2 , and F
w
3 , and for
the weak static dipole moments awτ and d
w
τ . In
the Standard Model, the weak dipole moments
are expected to be small (the weak electric dipole
moment is tiny but non-zero due to CP violation
in the CKM matrix): aWτ = −(2.1+0.6i)× 10−6,
and dWτ ≈ 3×10−37 e·cm. Some extensions to the
Standard Model predict vastly enhanced values
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for these moments: in the MSSM, aWτ can be as
large as 10−5 and dWτ as large as a few ×10−20. In
composite models, these dipole moments can be
larger still. The smallness of the Standard Model
expectations leaves a large window for discovery
of non-Standard Model couplings.
At the peak of the Z0, the reactions Z0 →
τ+τ− are sensitive to the weak dipole moments,
while the electromagnetic dipole moments can be
measured at center of mass energies far below the
Z0 (as at CLEO or BES), and/or through the
study of final state photon radiation in e+e− →
(γ∗, Z0)→ τ+τ−γ.
Extensive new or updated results on searches
for weak and electromagnetic dipole moments
were presented at TAU 98. In all cases, however,
no evidence for non-zero dipole moments or CP-
violating couplings were seen, and upper limits on
the dipole moments were several orders of mag-
nitude larger than Standard Model expectations,
and is even far from putting meaningful limits
on extensions to the Standard Model. There is
much room for improvement in both technique
and statistical power, and, as in any search for
very rare or forbidden phenomena, the potential
payoffs justify the effort.
An anomalously large weak magnetic dipole
moment will produce a transverse spin polar-
ization of taus from Z0 decay, leading to (CP-
conserving) azimuthal asymmetries in the subse-
quent tau decays. The L3 experiment searched
for these asymmetries using the decay modes
τ → πντ and τ → ρντ , and observed none [25].
They measure values for the real and imaginary
parts of the weak magnetic dipole moment which
are consistent with zero, and set upper limits (at
95% C.L.):
|Re(awτ )| < 4.5× 10−3
|Im(awτ )| < 9.9× 10−3.
They measure, for the real part of the weak elec-
tric dipole moment, a value which is consistent
with zero within a few ×10−17 e·cm.
The ALEPH, DELPHI, and OPAL experi-
ments search for CP violating processes induced
by a non-zero weak electric dipole moment, by
forming CP-odd observables from the 4-vectors
of the incoming beam and outgoing taus, and
the outgoing tau spin vectors. These “optimal
observables” [26] pick out the CP-odd terms in
the cross section for production and decay of the
τ+τ− system; schematically, the optimal observ-
ables are defined by:
dσ ∝ |MSM + dwτ MCP |2,
ORe = Re(MCP )/MSM , O
Im = Im(MCP )/MSM .
These observables are essentially CP-odd triple
products, and they require that the spin vectors
of the taus be determined (at least, on a statistical
level). Most or all of the decay modes of the tau
(ℓ, π, ρ, a1) are used to spin-analyze the taus.
ALEPH, DELPHI, and OPAL measure the ex-
pectation values < ORe > and < OIm > of these
observables, separately for each tau-pair decay
topology. From these, they extract measurements
of the real and imaginary parts of dwτ . The com-
bined limits (at 95% C.L.) [26] are:
|Re(dwτ )| < 3.0× 10−18 e·cm
|Im(dwτ )| < 9.2× 10−18 e·cm.
They are consistent with the Standard Model,
and there is no evidence for CP violation.
SLD makes use of the electron beam polariza-
tion to enhance its sensitivity to Im(dWτ ). Rather
than measure angular asymmetries or expecta-
tions values of CP-odd observables, they do a full
unbinned likelihood fit to the observed event (in-
tegrating over unseen neutrinos) using tau decays
to leptons, π, and ρ, in order to extract limits
on the real and imaginary parts of both awτ and
dwτ . They obtain preliminary results [27] which
are again consistent with zero, but which have
the best sensitivity to Im(awτ ) and Im(d
w
τ ):
|Re(dwτ )| = (18.3± 7.8)× 10−18 e·cm;
|Im(dwτ )| = (−6.6± 4.0)× 10−18 e·cm;
|Re(awτ )| = (0.7± 1.2)× 10−3;
|Im(awτ )| = (−0.5± 0.6)× 10−3.
8.1. EM dipole moments
The anomalous couplings to photons can be
probed, even on the peak of the Z0, by search-
ing for anomalous final state photon radiation in
e+e− → τ+τ−γ.
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The L3 experiment studies the distribution of
photons in such events, as a function of the pho-
ton energy, its angle with respect to the near-
est reconstructed tau, and its angle with respect
to the beam. In this way, they can distinguish
anomalous final state radiation from initial state
radiation, photons from π0 decays, and other
backgrounds. The effect on the photon distribu-
tion due to anomalous electric couplings is very
similar to that of anomalous magnetic couplings,
so they make no attempt to extract values for aτ
and dτ simultaneously, but instead measure one
while assuming the other takes on its Standard
Model value.
They see no anomalous photon production [28],
and set the limits (at 95% C.L.) −0.052 < aτ <
0.058 and |dτ | < 3.1× 10−16 e·cm.
These results should be compared with those
for the muon:
atheoryµ = 0.00116591596(67)
aexptµ = 0.00116592350(780)
dexptµ = (3.7± 3.4)× 10−19 e·cm.
Theoretical progress on the evaluation of aµ in
the Standard Model is reviewed in [29], including
the important contribution from tau decays (see
section 9.3 below). Progress in the experimental
measurement at Brookhaven is described in [30].
Clearly, there is much room for improvement of
the measurements of the anomalous moments of
the tau.
9. SPECTRAL FUNCTIONS
The semi-hadronic decays of the tau are domi-
nated by low-mass, low-multiplicity hadronic sys-
tems: nπ, n ≤ 6; Knπ, KK¯, KK¯π, ηππ. These
final states are dominated by resonances (ρ, a1,
ρ′, K∗, K1, etc.). The rates for these decays,
taken individually, cannot be calculated from fun-
damental theory (QCD), so one has to rely on
models, and on extrapolations from the chiral
limit using chiral perturbation theory.
However, appropriate sums of final states
with the same quantum numbers can be made,
and these semi-inclusive measures of the semi-
hadronic decay width of the tau can be analyzed
using perturbative QCD. In particular, one can
define spectral functions vJ , aJ , v
S
J and a
S
J , as
follows:
dΓ
dq2
(τ → hadrons + ντ ) = G
2
F
32π2m3τ
(m2τ − q2)2
× {|Vud|2 [(m2τ + 2q2) (v1(q2) + a1(q2))
+m2τ
(
v0(q
2) + a0(q
2)
)]
+|Vus|2
[
(m2τ + 2q
2)
(
vS1 (q
2) + aS1 (q
2)
)
+m2τ
(
vS0 (q
2) + aS0 (q
2)
)]}
.
The spectral functions v and a represent the con-
tributions of the vector and axial-vector hadronic
currents coupling to the W . The subscripts on
these functions denote the spin J of the hadronic
system, and the superscript S denotes states with
net strangeness.
The hadronization information contained in the
spectral functions falls in the low-energy domain
of strong interaction dynamics, and it cannot
be calculated in QCD. Nonetheless, many use-
ful relations between the spectral functions can
be derived. For example, in the limit of exact
SU(3)L × SU(3)R symmetry, we have v1(q2) =
a1(q
2) = vS1 (q
2) = aS1 (q
2) and v0(q
2) = a0(q
2) =
vS0 (q
2) = aS0 (q
2) = 0. Relations amongst the
spectral functions depend on assumptions about
how the SU(3) symmetry is broken. The Con-
served Vector Current (CVC) hypothesis requires
that v0(q
2) = 0, and that v1(q
2) can be related
to the total cross-section for e+e− annihilations
into hadrons. Several sum rules relate integrals
of these spectral functions, as described below.
From arguments of parity and isospin, the fi-
nal states containing an even number of pions
arise from the vector spectral function, and those
with an odd number of pions arise from the axial-
vector spectral functions a1, or in the case of a sin-
gle pion, a0. Final states containing one or more
kaons can contribute to both types of spectral
functions, since SU(3)f is violated (and because
of the chiral anomaly). Experimentally, one can
determine whether a final state contributes to v
or a through a careful analysis of its dynamics.
The spectral functions can be measured exper-
imentally by adding up the differential distribu-
tions from all the exclusive final states that con-
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tribute to v or a, in a “quasi”-inclusive analysis:
v1 =
Bv
Be
1
Nv
dNv
dq2
M8τ
(m2τ − q2)2 (m2τ + 2q2)
,
and similarly for a.
For v(q2), the result is dominated by the 2π and
4π final states, with small contributions from 6π,
KK¯, and others. For a(q2), the result is domi-
nated by the 3π and 5π final states, with small
contributions from KK¯π and others. The πν and
Kν final states are delta functions and must be
handled separately.
OPAL and ALEPH have presented new or up-
dated measurements of these non-strange spectral
functions [31,32]. In both cases, the small con-
tributions mentioned above were obtained from
Monte Carlo estimates, not the data. the ALEPH
results are shown in Fig. 10.
These spectral functions can be used to study
many aspects of QCD, as described in the follow-
ing subsections.
9.1. Moments of the Spectral functions
Although the spectral functions themselves
cannot be predicted in QCD, the moments Rkl
of those functions:
R
v/a
kl =
∫ m2
τ
0
ds
(
1− s
m2τ
)k (
s
m2τ
)l
1
Nv/a
dNv/a
ds
,
with k = 1, l = 0 · · · 3 are calculable. In direct
analogy with Rτ (section 4), the moments (for
non-strange final states) can be expressed as:
R
v/a
kl =
3
2
V 2udSEW (1 + δpert + δ
v/a
mass + δ
v/a
NP ),
where Vud is the CKM matrix element, and SEW
is a small and calculable electroweak correction.
δpert is a calculable polynomial in the strong cou-
pling constant αS(m
2
τ ), δ
v/a
mass is a quark mass cor-
rection:
δv/amass ≃ −16
m¯2q
m2τ
,
and δNP describes non-perturbative effects in
terms of incalculable expectation values of quark
and gluon operators in the operator product ex-
pansion (OPE):
δ
v/a
NP ≃ Cv/a4
〈O〉4
m4τ
+ C
v/a
6
〈O〉6
m6τ
+ C
v/a
8
〈O〉8
m8τ
.
t
–
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Figure 10. Total vector and axial-vector spectral
functions from ALEPH. The contributions from
the exclusive channels, from data and MC, are
indicated [32].
The Cn coefficients discribe short-distance effects,
calculable in QCD; and the expectation values for
the operators are the non-perturbative conden-
sates. For example,
〈O〉4 ∼
〈αS
π
GG
〉
+
〈
mψ¯qψq
〉
.
The important point is that one can calculate
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distinct forms for δpert and δNP for each of the
moments (values of k and l), separately for V
and A. One can measure several different mo-
ments, and from these, extract values for αS(m
2
τ )
and for each of the non-perturbative condensates.
The result depends only on the method used to
obtain the QCD perturbation expansion; several
methods are available, including the CIPT men-
tioned in section 4.
Both OPAL and ALEPH measure the moments
of their quasi-inclusive spectral functions, and fit
to extract values for αS(m
2
τ ) and for the non-
perturbative condensates. The results are pre-
sented in [31,32]. The value of αS(m
2
τ ) is in good
agreement with the one determined solely from
the electronic branching fraction (section 4), but
without the assumption that δNP is small. It ex-
trapolates to a value at the Z0 pole, αS(m
2
Z),
which agrees well with measurements made there
from hadronic event shapes and other methods.
More importantly, the non-perturbative conden-
sates indeed are measured to be small (∼ 10−2).
9.2. QCD Chiral Sum Rules
One can use the structure of QCD, and/or chi-
ral perturbation theory, to predict the moments
of the difference v(s) − a(s) of the spectral func-
tions (with s = q2). The physics of these sum
rules is reviewed in [33]. Four sum rules have
been studied with tau decay data:
• First Weinberg sum rule:
1
4π2
∫ ∞
0
ds (v1(s)− a1(s)) = f2π
• Second Weinberg sum rule:
1
4π2
∫ ∞
0
ds · s (v1(s)− a1(s)) = 0
• Das-Mathur-Okubo sum rule:
1
4π2
∫ ∞
0
ds
s
(v1(s)− a1(s)) = f2π
〈
r2π
〉
3
− FA
• Isospin-violating sum rule:
1
4π2
∫ ∞
0
ds s ln
s
Λ2
(v1(s)− a1(s)) =
−16π
2f2π
3α
(
m2π± −m2π0
)
.
The first, second, and fourth sum rule listed
above have definite predictions on their right-
hand side, and the data can be used to test those
predictions. However, the spectral functions mea-
sured in tau decay extend up to s = m2τ , not in-
finity. So in practice, the tests only allow one to
address the question, is m2τ close enough to infin-
ity; is it “asymptotia”?
So far, the data are consistent with the sum rule
predictions and with the assumption that m2τ is
sufficiently close to infinity (see Fig. 11 for the
OPAL results); however, the data are not yet suf-
ficiently precise to provide a quantitative test of
these predictions.
However, ALEPH has studied the evolution of
the integral of the spectral functions and their
moments as a function of the cutoff s ≤ m2τ , and
compared them with the theoretical prediction for
the perturbative and non-perturbative terms as a
function of their renormalization scale s (fixing
them at s = m2τ to the values they obtain from
their fits). In all cases, they find [32] that the ex-
perimental distributions and the theoretical pre-
dictions overlap and track each other well before
s = m2τ . It appears that s = m
2
τ is asymptotia.
One can use the third (DMO) sum rule to ex-
tract a value for the pion electric polarizability
αE =
αFA
mπf2π
.
This can be compared with predictions from the
measured value of the axial-vector form factor FA,
which give αE = (2.86± 0.33)× 10−4 fm3. OPAL
[31] obtains αE = (2.71 ± 0.88) × 10−4 fm3, in
good agreement with the prediction.
9.3. (g− 2)µ from v(s) and CVC
As noted in section 8.1, the muon’s anomalous
magnetic moment aµ is measured with far higher
precision than that of the tau, and is in excel-
lent agreement with the precise theoretical pre-
diction. The experimental precision will soon im-
prove considerably [30], and threatens to exceed
the precision with which the theoretical predic-
tion is determined.
Until recently, the contribution to aµ,(
g − 2
2
)
µ
≡ aγµ = aQEDµ + aWµ + ahadµ ,
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Figure 11. QCD sum rule integrals versus the
upper integration limit from OPAL data, for the
four sum rules given in the text. The chiral pre-
diction is given by the lines [31].
from virtual hadronic effects ahadµ had large uncer-
tainties. The contribution from weak effects (aWµ ,
from W -exchange vertex correction) is small:
aWµ = (151 ± 40) × 10−11. Observing this con-
tribution is one of the goals of the current round
of measurements. (A more important goal is to
look for effects of the same scale due to physics
beyond the Standard Model). The contribution
from hadronic effects (quark loops in the photon
propagator in the EM vertex correction, and, to
a lesser extent, “light-by-light” scattering [29])
is much larger, and its uncertainty was larger
than the entire contribution from aWµ : a
had
µ =
(7024± 153)× 10−11.
This value for ahadµ was obtained by relating
the quark loops in the photon propagator to the
total rate for γ∗ → qq¯ as measured in e+e− anni-
hilation experiments at low s = q2 < (2 GeV)2.
Unfortunately, these experiments had significant
overall errors in their measured values for the to-
tal hadronic cross section σ(s). These results are
currently being improved, as reported in [34].
In the meantime, one can use the vector part
of the total decay rate of the tau to non-strange
final states, v(s), to determine ahadµ . One must
assume CVC, which relates the vector part of the
weak charged current to the isovector part of the
electromagnetic current; and one must correct for
the isoscalar part of the current which cannot be
measured in tau decay. In addition, one must use
other data to estimate the contribution to ahadµ
from s > m2τ ; however, the contribution from s <
m2τ dominates the value and the error.
Using the vector spectral function v(s) mea-
sured by ALEPH, one obtains [35] a value for ahadµ
with improved errors: ahadµ = (6924±62)×10−11.
Now the error is smaller than the contribution
from aWµ , and the sensitivity of the forthcoming
precision experimental result to new physics is
greatly improved.
However, the use of tau data to determine ahadµ
with high precision relies on CVC to 1%. Is this
a valid assumption?
9.4. Testing CVC
To test the validity of CVC at the per cent
level, one can compare the new VEPP-II data
on e+e− → 2nπ [34] to data from tau decays
(from ALEPH, DELPHI, and CLEO). When this
is done, small discrepancies appear, both in in-
dividual channels (2π and 4π) and in the total
rate via the vector current. Discrepancies are ex-
pected, at some level, because of isospin violation.
These comparisons are made in [34], where the
data from VEPP-II are converted (using CVC)
into predictions for the branching fractions of
the tau into the analogous (isospin-rotated) final
states:
B(τ → ππν) −BCV C
B(τ → ππν) = (3.2± 1.4)%,
∆B
B (2π + 4π + 6π + ηππ +KK¯) = (3.6± 1.5)%.
In addition, a comparison of the spectral func-
tion shape extracted from τ → 2πντ and that
extracted from e+e− → 2π shows discrepancies
at the few per cent level.
It is not clear whether these comparisons mean
that CVC is only good to ∼ 3%, or whether
the precision in the data used for the comparison
needs improvement. To be conservative, however,
results that rely on CVC should be quoted with
an error that reflects these discrepancies.
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10. EXCLUSIVE FINAL STATES
The semi-hadronic decays of the tau to exclu-
sive final states is the realm of low energy meson
dynamics, and as such cannot be described with
perturbative QCD. In the limit of small energy
transfers, chiral perturbation theory can be used
to predict rates; but models and symmetry con-
siderations must be used to extrapolate to the full
phase space of the decay.
In general, the Lorentz structure of the decay
(in terms of the 4-vectors of the final state pi-
ons, kaons, and η mesons) can be specified; mod-
els are then required to parameterize the a priori
unknown form factors in the problem. Informa-
tion from independent measurements in low en-
ergy meson dynamics can be used to reduce the
number of free parameters in such models; an ex-
ample is given in [36].
Measurements of the total branching fractions
to different exclusive final states (e.g., hnπ0ντ ,
n = 0...4, 3hnπ0ντ , n = 0...3, 5hnπ
0ντ , n = 0...1,
with h = π± or K±; or ηnπ0ντ , n = 2...3) have
been refined for many years, and remain impor-
tant work; recent results from DELPHI are pre-
sented in [37]. Branching fractions for final states
containing kaons (K±, K0S , and K
0
L) are pre-
sented in [38–40] and are discussed in more de-
tail in section 11. The world average summaries
of all the semi-hadronic exclusive branching frac-
tions are reviewed in [41].
Since the world average branching fractions for
all exclusive tau decays now sum to one with
small errors, emphasis has shifted to the detailed
study of the structure of exclusive final states. At
previous tau workshops, the focus was on the sim-
plest final states with structure: ππ0ντ andKπντ
[42]. At this workshop, the attention has shifted
to the 3π,Kππ, andKK¯π final states, which pro-
ceed dominantly through the axial-vector current.
The results for the Kππ, and KK¯π final states
are discussed in section 11; here we focus on 3π.
The 4π final state remains to be studied in detail.
Final states with 5 or 6 pions contain so much res-
onant substructure, and are so rare in tau decays,
that detailed fits to models have not yet been at-
tempted. However, isospin can be used to char-
acterize the pattern of decays; this is discussed,
using data from CLEO, in [43].
Recent results on τ → 3πντ from OPAL, DEL-
PHI, and CLEO are discussed in [44]. There
are two complementary approaches that can
be taken: describing the decay in a Lorentz-
invariant way, parameterized by form-factors
which model intermediate resonances; or via
model-independent structure functions, defined
in a specified angular basis. The model-
dependent approach gives a simple picture in
terms of well-defined decay chains, such as a1 →
ρπ → 3π or K1 → (K∗π,Kρ) → Kππ; but the
description is only as good as the model, and
any model is bound to be incomplete. The struc-
ture function approach results in large tables of
numbers which are harder to interpret (without a
model); but it has the advantage that some of the
functions, if non-zero, provide model-independent
evidence for sub-dominant processes such as pseu-
doscalar currents (e.g., π′(1300)→ 3π) or vector
currents (e.g., K∗′ → Kππ).
OPAL and DELPHI present fits of their 3π to
two simple models for a1 → ρπ, neither of which
describe the data in detail [44]. DELPHI finds
that in order to fit the highm3π region with either
model, a radially-excited a′1(1700) meson is re-
quired, with a branching fraction B(τ → a′1ντ →
3πντ ) of a few ×10−3, depending upon model.
Even then, the fits to the Dalitz plot variables
are poor. The presence of an enhancement at
high mass (over the simple models) has impor-
tant consequences for the extraction of the tau
neutrino mass using 3πντ events.
OPAL also analyzes their data in terms of
structure functions, and from these, they set lim-
its on scalar currents:
Γscalar/Γtot(3πντ ) < 0.84%,
and make a model-independent determination of
the signed tau neutrino helicity:
hντ = −1.29± 0.26± 0.11
(in the Standard Model, hντ = −1).
CLEO does a model-dependent fit to their
τ− → π−π0π0ντ data. They have roughly 5
times the statistics of OPAL or DELPHI. This
allows them to consider contributions from many
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sub-dominant processes, including: a1 → ρ′π,
both S-wave and D-wave; a1 → f2(1275)π, σπ,
and f0(1370)π; and π
′(1300) → 3π. Here, the σ
is a broad scalar resonance which is intended to
“mock up” the complex structure in the S-wave
ππ scattering amplitude above threshold, accord-
ing to the Unitarized Quark Model. CLEO also
considers the process a1 → K∗K, as a contribu-
tion to the total width and therefore the Breit
Wigner propagator for the a1 (of course, the final
state that is studied does not receive contribu-
tions from K∗K).
CLEO finds significant contributions from all of
these processes, with the exception of π′(1300)→
3π. All measures of goodness-of-fit are excel-
lent, throughout the phase space for the decay.
There is also excellent agreement with the data
in the π−π+π−ντ final state, which, because of
the presence of isoscalars in the substructure, is
non-trivial. There is strong evidence for a K∗K
threshold. There is only very weak evidence for
an a′1(1700). They measure the radius of the a1
meson to be ≈ 0.7 fm. They set the 90% C.L.
limit
Γ(π′(1300)→ ρπ)/Γ(3π) < 1.0× 10−4,
and make a model-dependent determination of
the signed tau neutrino helicity:
hντ = −1.02± 0.13± 0.03 (model).
All of these results are model-dependent; but the
model fits the data quite well.
11. KAONS IN TAU DECAY
Kaons are relatively rare in tau decay, and
modes beyond Kντ and K
∗ντ are only being
measured with some precision in recent years.
At TAU 98, ALEPH presented [40] branching
fractions for 27 distinct modes with K±, K0S ,
and/orK0L mesons, including K3π; DELPHI pre-
sented [39] 12 new (preliminary) branching frac-
tions, and CLEO presented [38] an analysis of
four modes of the form K−h+π−(π0)ντ .
In the Kπ system, ALEPH sees a hint
of K∗′(1410), with an amplitude (relative to
K∗(892)) which is in good agreement with
the analogous quantity from τ → (ρ, ρ′)ντ .
CLEO sees no evidence for anything beyond the
K∗(892).
ALEPH and CLEO both study the Kππ sys-
tem. Here, one expects contributions from: the
axial-vectorK1(1270), which decays to K
∗π, Kρ,
and other final states; the axial-vector K1(1400),
which decays predominately to K∗π; and, to a
much lesser extent, the vector K∗′, via the Wess-
Zumino parity-flip mechanism. Both ALEPH and
CLEO see more K1(1270) than K1(1400), with
significant signals for Kρ as well as K∗π in the
Dalitz plot projections.
The two K1 resonances are quantum mechan-
ical mixtures of the K1a (from the J
PC = 1++
nonet, the strange analog of the a1), and the K1b
(from the JPC = 1+− nonet, the strange analog
of the b1). The coupling of the b1 to the W is a
second-class current, permitted in the Standard
Model only via isospin violation. The coupling of
the K1b to the W is permitted only via SU(3)f
violation.
CLEO extracts the K1a − K1b mixing angle
(with a two-fold ambiguity) and SU(3)f -violation
parameter δ in τ → K1bντ , giving results consis-
tent with previous determinations from hadropro-
duction experiments [38].
ALEPH studies the KK¯π structure, and finds
[40] that K∗K is dominant, with little contri-
bution from ρπ, ρ → KK¯. The KK¯π mass
spectrum is consistent with coming entirely from
a1 → KK¯π, although there may be a large vector
component.
ALEPH also analyzes the isospin content of the
Kπ, Kππ, and KK¯π systems. Finally, they clas-
sify the net-strange final states as arising from
the vector or axialvector current, and construct
the strange spectral function (v + a)S1 (s) (using
the data for the Kπ and Kππ components, and
the Monte Carlo for the small contributions from
K3π, K4π, etc.) [40]. This function, shown in
Fig. 12, can then be used for QCD studies, as
discussed in the next section.
11.1. ms from Rτ,s
The total strange spectral function can be used
to extract QCD parameters, in direct analogy
with the total and non-strange rates and moments
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as described in sections 4 and 9.1. In the strange
case, we have
Rsτ ≡
BKnπ
Be
= 3V 2usSEW (1 + δpert + δ
s
mass + δNP ),
and we focus on the quark mass term:
δsmass ≃ −8
m¯2s
m2τ
[
1 +
16
3
αS
π
+O
(αS
π
)2]
,
where m¯s = ms(m
2
τ ) is the MS running strange
quark mass, evaluated at the tau mass scale.
For ms(m
2
τ ) ≈ 150 MeV/c2, we expect δsmass ≈
−10%, and Rsτ ≈ 0.16 (but with a large uncer-
tainty due to poor convergence of the QCD ex-
pansion).
The history of the calculation of the O (αSπ )2
term, and the apparent convergence of the series,
has been rocky. But considerable progress has
been made in the last year, and the theoretical
progress is reviewed in [45].
The value of the strange quark mass appears
in many predictions of kaon properties; most im-
portantly, it appears in the theoretical expression
for the parameter governing direct CP violation
in the kaon system, ǫ′/ǫ. Thus we need to know
its value in order to extract information on the
CKM matrix from measurements of direct CP vi-
olation.
ALEPH has constructed the strange spectral
function as described in the previous section and
shown in Fig. 12, and has calculated its integral:
Rsτ = 0.1607± 0.0066
and its moments Rklτ,s. By comparing with
the non-strange moments, they cancel, to low-
est order, the mass-independent non-perturbative
terms. They fit for ms(m
2
τ ) and the residual non-
perturbative condensates. They obtain [32] the
strange quark running mass ms(m
2
τ ) = (163
+34
−43)
MeV/c2. At the (1 GeV)2 scale, ms(1GeV
2) =
(217+45
−57) MeV/c
2, which compares well with es-
timates from sum rules and lattice calculations.
The uncertainty is rather large, especially the
component that comes from the uncertainty in
the convergence in the QCD series; but improve-
ments are expected.
12. TAU NEUTRINO MASS
In the Standard Model, the neutrinos are as-
sumed to be massless, but nothing prevents them
from having a mass. If they do, they can mix
(in analogy with the down-type quarks), exhibit
CP violation, and potentially decay. In the so-
called “see-saw” mechanism, the tau neutrino is
expected to be the most massive neutrino.
Indirect bounds from cosmology and big-bang
nucleosynthesis imply that if the ντ has a life-
time long enough to have not decayed before
the period of decoupling, then a mass region
between 65 eV/c2 and 4.2 GeV/c2 can be ex-
cluded. For unstable neutrinos, these bounds
can be evaded. A massive Dirac neutrino will
have a right-handed component, which will in-
teract very weakly with matter via the standard
charged weak current. Produced in supernova
explosions, these right-handed neutrinos will effi-
ciently cool the newly-forming neutron star, dis-
torting the time-dependent neutrino flux. Analy-
ses of the detected neutrino flux from supernova
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1987a, results in allowed ranges mντ < 15 − 30
KeV/c2 or mντ > 10 − 30 MeV/c2, depending
on assumptions. This leaves open a window for
an MeV-range mass for ντ of 10-30 MeV/c
2, with
lifetimes on the order of 105 − 109 seconds.
The results from Super-K ([48], see section 13
below) suggest neutrino mixing, and therefore,
mass. If they are observing νµ ↔ ντ oscillation,
then [49] mντ < 170 KeV/c
2, too low to be seen
in collider experiments. If instead they are ob-
serving oscillations of νµ to some sterile neutrino,
then there is no information from Super-K on the
tau neutrino mass.
If neutrino signals are observed from a galactic
supernova, it is estimated that neutrino masses
as low as of 25 eV/c2 could be probed by study-
ing the dispersion in arrival time of the neutrino
events in a large underground detector capable
of recording neutral current interactions. Very
energetic neutrinos from a distant active galactic
nucleus (AGN) could be detected at large under-
ground detectors (existing or planned). If neutri-
nos have mass and therefore a magnetic moment,
their spin can flip in the strong magnetic field of
the AGN, leading to enhanced spin-flip and flavor
oscillation effects [47]. The detectors must have
the ability to measure the direction of the source,
the energy of the neutrino, and its flavor.
At TAU 98, CLEO presented [50] two new lim-
its, one using τ → 5π±ντ and 3π±2π0ντ , and a
preliminary result using 3π±π0ντ . Both results
are based on the distribution of events in the 2-
dimensional space of mnπ vs. E
lab
nπ , looking for
a kinematical suppression in the high-mass, high
energy corner due to a 10 MeV-scale neutrino
mass (see Fig. 13). This technique has been used
previously by ALEPH, DELPHI, and OPAL.
A summary of the best direct tau neutrino mass
limits at 95% C.L. is given [49] in Table 12.
The limits are usually dominated by a few
“lucky” events near the endpoint, which neces-
sarily have a low probability; they are likely to
be upward fluctuations in the detector’s mass vs.
energy resolution response. Therefore, it is es-
sential to understand and model that response,
especially the tails. Extracting meaningful lim-
its on the neutrino mass using such kinematical
methods is made difficult by many subtle issues
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Figure 13. The scaled hadronic energy
Elabnπ /Ebeam vs. hadronic mass for (a) the 5π and
(b) the 3π±2π0 event candidates from CLEO. El-
lipses represent the resolution countours [50].
Table 1
Limits on the τ neutrino mass.
Indirect from Be 38 MeV
ALEPH 5π(π0) 23 MeV
ALEPH 3π 30 MeV
ALEPH both 18.2 MeV
OPAL 5π 43 MeV
DELPHI 3π 28 MeV
OPAL 3π − vs− 3π 35 MeV
CLEO (98) 5π, 3π2π0 30 MeV
CLEO (98p) 4π 31 MeV
regarding resolution, event migration, modeling
of the spectral functions, and certainly also luck.
Pushing the discovery potential to or below 10
MeV will require careful attention to these issues,
but most importantly, much higher statistics. We
look forward to the high-statistics event samples
obtainable at the B Factories soon to come on
line.
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13. NEUTRINO OSCILLATIONS
If neutrinos have mass, then they can mix with
one another, thereby violating lepton family num-
ber conservation. In a two-flavor oscillation sit-
uation, a beam of neutrinos that are initially of
one pure flavor, e.g., νµ will oscillate to another
flavor, e.g., ντ with a probability given by
P (νµ → ντ ) = sin2(2θµτ ) sin2(πL/L0),
where the strength of the oscillation is governed
by the mixing parameter sin2 2θµτ . L is the dis-
tance from the source of initially pure νµ in me-
ters, and the oscillation length L0 is given by
L0 =
2.48Eν [GeV]
∆m2 [eV2]
.
∆m2 is the difference of squared masses of the two
flavors measured in eV2, and Eν is the neutrino
energy measured in GeV. This formula is only
correct in vacuum. The oscillations are enhanced
if the neutrinos are travelling through dense mat-
ter, as is the case for neutrinos from the core of
the Sun. This enhancement, known as the MSW
effect, is invoked as an explanation for the deficit
of νe from the Sun’s core as observed on Earth.
In such a scenario, all three neutrino flavors mix
with one another.
Evidence for neutrino oscillations has been seen
in the solar neutrino deficit (νe disappearance),
atmospheric neutrinos (apparently, νµ disappear-
ance), and neutrinos from µ decay (νµ → νe and
ν¯µ → ν¯e appearance, at LSND). At this work-
shop, upper limits were presented for neutrino os-
cillations from the νµ beam at CERN, from NO-
MAD [52] and CHORUS [53].
It appears that, if the evidence for neutrino os-
cillations from solar, atmospheric, and LSND ex-
periments are all correct, the pattern cannot be
explained with only three Standard Model Dirac
neutrinos. There are apparently three distinct
∆m2 regions:
∆m2solar = 10
−5 or 10−10 eV2
∆m2atmos = 10
−2 to 10−4eV2
∆m2LSND = 0.2 to 2 eV
2.
This mass hierarchy is difficult (but not impos-
sible) to accomodate in a 3 generation model.
The addition of a 4th (sterile? very massive?)
neutrino can be used to describe either the solar
neutrino or atmospheric neutrino data [51] (the
LSND result requires νµ → νe). The introduction
of such a 4th neutrino makes it relatively easy to
describe all the data. In addition, a light sterile
neutrino is a candidate for hot dark matter, and
a heavy neutrino, for cold dark matter.
13.1. Results from Super-K
We turn now to the results on neutrino oscilla-
tions from Super-Kamiokande, certainly the high-
light of any physics conference in 1998.
Neutrinos produced in atmospheric cosmic ray
showers should arrive at or below the surface of
the earth in the ratio (νµ + ν¯µ)/(νe + ν¯e) ≃ 2
for neutrino energies Eν < 1 GeV, and some-
what higher at higher energies. There is some
uncertainty in the flux of neutrinos of each flavor
from the atmosphere, so Super-K measures [48]
the double ratio:
R =
(
νµ + ν¯µ
νe + ν¯e
)
observed
/(
νµ + ν¯µ
νe + ν¯e
)
calculated
.
They also measure the zenith-angle dependence
of the flavor ratio; upward-going neutrinos have
traveled much longer since they were produced,
and therefore have more time to oscillate. Super-
K analyzes several classes of events (fully con-
tained and partially contained, sub-GeV and
multi-GeV), classifying them as “e-like” and “µ-
like”. Based on the flavor ratio, the double-
ratio, the lepton energy, and the zenith-angle de-
pendence, they conclude that they are observ-
ing effects consistent with νµ disappearance and
thus neutrino oscillations (see Fig. 14). Assum-
ing νµ → ντ , their best fit gives ∆m2 = 2.2 ×
10−3 eV2, sin2 2θµτ = 1 (see Fig. 18). They also
measure the upward through-going and stopping
muon event rates as a function of zenith angle,
and see consistent results. Whether these obser-
vations imply that muon neutrinos are oscillating
into tau neutrinos or into some other (presumably
sterile) neutrino is uncertain.
Super-K also observes [48] some 7000 low-
energy νe events which point back to the sun,
presumably produced during 8B synthesis in the
sun. They measure a flux which is significantly
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Figure 14. Zenith angle distribution of atmo-
spheric neutrino events: (a) sub-GeV e-like; (b)
sub-GeV µ-like; (c) multi-GeV e-like; (d) multi-
GeV µ-like and partially-contained. Shaded his-
tograms give the MC expectations without oscil-
lations, dotted histograms show the best fit as-
suming neutrino oscillations [48].
smaller than the predictions from standard solar
models with no neutrino mixing (≈ 40%, depend-
ing on the model), with a hint of energy depen-
dence in the (data/model) ratio. They see no sig-
nificant difference between solar neutrinos which
pass through the earth (detected at night) and
those detected during the day.
13.2. NOMAD and CHORUS
Two new accelerator-based “short-baseline”
neutrino oscillation experiments are reporting
null results at this workshop. The NOMAD and
CHORUS detectors are situated in the νµ beam at
CERN, searching for νµ → ντ oscillations. They
have an irreducible background from ντ in the
beam (from Ds production and decay), but it is
suppressed relative to the νµ flux by 5× 10−6.
NOMAD is an electronic detector which
searches for tau decays to eνν, µνν, hnπ0ν, and
3πnπ0ν. They identify them as decay products
of a tau from kinematical measurements, primar-
ily the requirement of missing pt due to the neu-
trino(s). They see no evidence for oscillations
[52], and set the following limits at 90% C.L.:
P (νµ → ντ ) < 0.6× 10−3
sin2 2θµτ < 1.2× 10−3
for ∆m2 > 102 eV2. The exclusion plot is shown
in Fig. 15.
The CHORUS experiment triggers on oscilla-
tion candidates with an electronic detector, then
aims for the direct observation of production and
decay of a tau in a massive nuclear emulsion stack
target. they look for tau decays to µνν or hnπ0ν,
then look for a characteristic pattern in their
emulsion corresponding to: nothing, then a tau
track, a kink, and a decay particle track. They
also see no evidence for oscillations [53], and set
limits that are virtually identical to those of NO-
MAD; the exclusion plot is shown in Fig. 15.
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Figure 15. Exclusion plot at 90% C.L. for νµ ↔
ντ oscillations, from CHORUS and NOMAD [52].
CHORUS has also reconstructed a beautiful
event, shown in Fig. 16, in which a τ− lepton
is tracked in their emulsion [53]. They infer the
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decay chain: νµN → µ−D∗+s N , D∗+s → D+s γ,
D+s → τ+ντ , τ+ → µ+νµν¯τ . In their emulsion,
they track the D+s , the µ
−, the τ+, and the decay
µ+.
V
tx
 P
la
te
V
tx
 P
la
te
 +
 1
V
tx
 P
la
te
V
tx
 P
la
te
 +
 1
t
+
s
+
D
PrimaryVertex
m
-
m
-
s
+
D
t
+
+
m
+
m
m
-
s
+
D
t
+
+
m
m
30
m
m400m
m
60
m m
60
m
m400m m30m
n
Y-Projection
-beam n
Z-Projection
-beam n
X-Projection
-beam
Figure 16. Tracks in the CHORUS emulsion from
a Ds → τν candidate [53].
13.3. OBSERVATION OF ντ
The appearance of a τ and its subsequent decay
in a detector exposed to a neutrino beam would
constitute direct observation of the tau neutrino.
Fermilab experiment 872 (Direct Observation of
NU Tau, DONUT) is designed to directly see for
the first time, such events. The experiment relies
on the production of D+s mesons, which decay to
τ+ντ with branching fraction ≃ 4%. A detector
downstream from a beam dump searches for τ−
production and subsequent decay (with a kink)
in an emulsion target. They have collected, and
are presently analyzing, their data; they expect
to find 40± 12 ντ interactions [54].
At TAU 98, they showed [54] an event con-
sistent with such an interaction; see Fig. 17.
If/when a sufficient number of such events are
observed and studied, there will finally be direct
observational evidence for the tau neutrino.
14. WHAT NEXT?
The frontiers of tau physics center on ever-
higher precision, farther reach for rare and forbid-
den phenomena, and a deeper study of neutrino
physics. The next generation of accelerator-based
experiments will search for neutrino oscillations
with the small ∆m2 suggested by the Super-K
Figure 17. Candidate event for ντ → τX , τ →
µνν, in the DONUT emulsion. There is a 100
mrad kink 4.5 mm from the interaction vertex.
The scale units are microns [54].
results, and do precision studies of τ decays with
samples exceeding 108 events.
14.1. Long-baseline neutrino oscillations
Several “long-baseline” experiments
are planned, in which νµ beams are produced at
accelerators, allowed to drift (and hopefully, os-
cillate into νe, ντ , or sterile neutrinos) for many
km, and are then detected. The motivation comes
from the Super-K results, which suggest νµ ↔ ντ
oscillations with ∆m2 in the 10−2 − 10−3 eV2
range. For such small ∆m2 values, accelerator-
produced νµ beams must travel many kilometers
in order to get appreciable νµ → ντ conversion.
At Fermilab, an intense, broad-band νµ beam is
under construction (NuMI). The MINOS exper-
iment consists of two nearly identical detectors
which will search for neutrino oscillations with
this beam [54]. The near detector will be on
the Fermilab site. The neutrino beam will pass
through Wisconsin, and neutrino events will be
detected at a far detector in the Soudan mine in
Minnesota, 720 km away. The experiment is ap-
proved, and is scheduled to turn on in 2002.
From the disappearance of νµ’s between the
near and far detectors, MINOS will be sensitive
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[54] to oscillations with mixing angle sin2 2θ >∼ 0.1
for ∆m2 >∼ 2 × 10−3 eV2. From the appear-
ance of an excess of νe events in the far detec-
tor, they are sensitive to νµ → νe mixing down
to sin2 2θ >∼ 0.002 for ∆m2 >∼ 2 × 10−2 eV2. MI-
NOS may be able to detect the appearance of ντ ’s
from νµ → ντ oscillations using the decay mode
τ → πντ . They expect a sensitivity for such os-
cillations of sin2 2θ >∼ 0.21 for ∆m2 >∼ 2 × 10−2
eV2.
At CERN, the Neutrino Beam to Gran Sasso
(NGS) project plans on building several neutrino
detectors in the Gran Sasso Laboratory in cen-
tral Italy, 732 km from the CERN wide-band νµ
beam. The energy and flux of the CERN νµ
beam are both somewhat higher than is planned
for NuMi at Fermilab. The ICARUS experi-
ment [55], using liquid argon TPC as a target
and detector, is optimized for ντ and νe appear-
ance. It is approved and expects to be taking
data as soon as the beam is available (2003?).
They can search for νµ → νe appearance down to
sin2 2θ >∼ 1×10−3, and νµ → ντ appearance down
to sin2 2θ >∼ 5× 10−3, for ∆m2 >∼ 2× 10−2 eV2. A
projected exclusion plot is shown in Fig. 18.
Several other detectors are being proposed:
OPERA [55] (a lead-emulsion stack), NICE (iron
and scintillator), AQUA-RICH (water Cˇerenkov),
and NOE. The NOE detector [56] will be consist
of TRD and calorimeter modules, optimized for
the detection of electrons from νµ → νe → eX ,
and also and from νµ → ντ → τX , τ → eνν
(with missing pt). They also hope to measure the
rate for neutral current events relative to charged
current events.
If the interpretation of the Super-K data is cor-
rect, we will soon have a wealth of data to pin
down the oscillation parameters for νµ ↔ νe, ντ ,
and νsterile.
14.2. High luminosity e+e− Colliders
The IHEP Laboratory in Beijing has been op-
erating the BEPC collider and the BES detec-
tor, with e+e− collisions at or above tau pair
threshold, for many years. They are pursuing
the physics of taus (their measurement of the
tau mass totally dominates the world average), ψ
Figure 18. ICARUS excluded region for νµ →
ντ oscillations if no signal is observed [55]. The
region favored by Super-K is shown near sin2 2θ =
1, with ∆m2 between 10−1 − 10−3 eV2.
spectroscopy and decay, and charm. They have
proposed the construction of a much higher lumi-
nosity tau-charm factory (BTCF). However, be-
cause of the limitation of funds, the BTCF will
not be started for at least 5 years [57]. The plan
for the near term is to continue to improve the
luminosity of the existing BEPC collider. In tau
physics, they hope to produce results from the
BES experiment at BEPC on mντ , where they
favor [57] the use of the decay mode τ → KK¯πντ .
Within the next two years, three new “B Facto-
ries”, high luminosity e+e− colliders with center
of mass energies around 10.58 GeV (the Υ(4S)→
BB¯ resonance) will come on line: the upgraded
CLEO III detector at the CESR collider; BaBar
at SLAC’s PEP-II collider [58]; and BELLE at
KEK’s TRISTAN collider [59]. All these colliders
and detectors expect to begin operation in 1999.
The BaBar and BELLE experiments operate with
asymmetric beam energies, to optimize the obser-
vation of CP violation in the B mixing and decay;
CLEO will operate with symmetric beams.
At design luminosities, these experiments ex-
pect to collect between 107 and 108 tau pair
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events per year. In a few years, one can expect
more than∼ 108 events from BaBar, BELLE, and
CLEO-III. The asymmetric beams at BaBar and
BELLE should not present too much of a prob-
lem (or advantage) for tau physics; it may help
for tau lifetime measurements. The excellent π-K
separation that the detectors require for their B
physics goals will also be of tremendous benefit
in the study of tau decays to kaons. BaBar and
BELLE will also have improved ability to iden-
tify low-momentum muons, which is important
for Michel parameter measurements.
The high luminosities will make it possible to
improve the precision of almost all the measure-
ments made to date in tau decays, including the
branching fractions, Michel parameters, and res-
onant substructure in multi-hadronic decays. In
particular, they will be able to study rare decays
(such as ηXντ or 7πντ ) with high statistics. They
will search with higher sensitivity for forbidden
processes, such as LFV neutrinoless decays and
CP violation due to an electric dipole moment
[58,59] in tau production or a charged Higgs in
tau decay. And they will be able to search for
neutrino masses down to masses below the cur-
rent 18 MeV/c2 best limit.
At the next Tau Workshop, we look forward
to a raft of new results from DONUT, BES, the
B Factories, the Tevatron, and the long-baseline
neutrino oscillation experiments. I expect that
that meeting will be full of beautiful results, and
maybe some surprises.
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